We present the statistical analysis of X-ray surface brightness and gas density fluctuations in cool cores of ten, nearby and bright galaxy clusters that have deep Chandra observations and show observational indications of radio-mechanical AGN feedback. Within the central parts of cool cores the total variance of fluctuations is dominated by isobaric and/or isothermal fluctuations on spatial scales ∼ 10-60 kpc, which are likely associated with slow gas motions and bubbles of relativistic plasma. Adiabatic fluctuations associated with weak shocks constitute less than 10 per cent of the total variance in all clusters. The typical amplitude of density fluctuations is small, ∼ 10 per cent or less on scales of ∼ 10-15 kpc. Subdominant contribution of adiabatic fluctuations and small amplitude of density fluctuations support a model of gentle AGN feedback as opposed to periodically explosive scenarios which are implemented in some numerical simulations. Measured one-component velocities of gas motions are typically below 100-150 km/s on scales < 50 kpc, and can be up to ∼ 300 km/s on ∼ 100 kpc scales. The non-thermal energy is < 12 per cent of the thermal energy. Regardless of the source that drives these motions the dissipation of the energy in such motions provides heat that is sufficient to balance radiative cooling on average, albeit the uncertainties are large. Presented results here support previous conclusions based on the analysis of the Virgo and Perseus Clusters, and agree with the Hitomi measurements. With next generation observatories like Athena and Lynx, these techniques will be yet more powerful.
INTRODUCTION
Hot gas (T ∼ 10 7 -10 8 K) in intracluster medium (ICM) is perturbed by many physical processes. On large spatial scales, 100s of kpc, perturbations are mostly produced by mergers, while various plasma instabilities disturb gas on sub-kpc scales. On intermediate scales the gas is disturbed by motions of galaxies, Active Galactic Nuclei (AGN) feedzhur@stanford.edu back, gas cooling, etc. Therefore, by probing gas perturbations on different spatial scales, a variety of fundamental physical processes in the ICM can be studied.
Usually, volume-filling perturbations are analyzed statistically by measuring power spectra of fluctuations present in the maps of the X-ray surface brightness, temperature, pressure, Sunyaev-Zeldovich effect, or, if scale information is not important, by looking at deviations from the average thermodynamic profiles. In many works (e.g. Shibata et al. 2001; Schuecker et al. 2004; Finoguenov, Böhringer, & Zhang 2005; Kawahara et al. 2008; Gu et al. 2009; Churazov et al. 2012; Hofmann et al. 2016; Khatri & Gaspari 2016; Werner et al. 2016; Eckert et al. 2017 ) mostly largescale substructure originating from different stages of cluster mergers is probed. Here, instead, we are interested in understanding the physics of perturbations on small spatial scales in the bulk of the gas within cool cores of galaxy clusters that show observational indications of radio-mechanical AGN feedback.
In the standard picture of radio-mechanical AGN feedback, the energy from a central supermassive black hole is released in a form of bubbles of relativistic plasma, which appear as cavities in X-ray images (e.g. Churazov et al. 2000; McNamara et al. 2000 , see also review by Fabian 2012) . Initial rapid inflation of bubbles produces weak shocks with typical Mach numbers of ∼ 1.1 -1.5 (e.g. Forman et al. 2007; Graham, Fabian, & Sanders 2008; Nulsen et al. 2013 ) that propagate quickly through cluster atmosphere, heating the gas 1 . Numerical simulations of shock propagation through cluster gas show that, in order to reproduce the observed properties of shocks, and the sizes of shock-heated gas regions and bubbles, the AGN should inflate bubbles slowly, transporting most of its energy to the enthalpy of bubbles, and only ∼ 20 per cent of the injected energy should be carried by the shocks (Forman et al. 2017; Zhuravleva et al. 2016; Tang & Churazov 2017) . This picture of a longduration outburst is consistent with previous findings that AGN bubbles are powerful enough to balance radiative cooling in cluster cores (e.g. Bîrzan et al. 2004; Rafferty et al. 2006; Hlavacek-Larrondo et al. 2012) . Once the bubbles are inflated, they rise buoyantly in the cluster atmosphere with the velocity that is smaller than the sound speed (Churazov et al. 2001; Reynolds et al. 2005) . During the rise, bubbles perturb the ICM and deposit their energy upward. The dynamics of the bubbles and their energy deposition strongly depends of the motions of the ambient gas and ICM inhomogeneities (e.g. Heinz et al. 2006) . The details of the heating transport processes are still a subject of much debate. One possibility is that the energy from the rising bubbles is transported to the ICM through the in situ generated turbulence in wakes and other slow motions of gas, which in stratified cluster atmosphere are essentially internal gravity waves (e.g. Churazov et al. 2002; Omma et al. 2004 ). The internal waves efficiently spread the energy in the perpendicular to radial direction, and are trapped within the core region since their buoyancy frequency is decreasing with radius (e.g. Balbus & Soker 1990) . Therefore, these waves inevitably interact with each other, becoming non-linear and eventually dissipating in the gas. Other actively discussed possibilities of the energy transport from bubbles to the ICM include streaming and diffusion of cosmic ray protons (e.g. Loewenstein, Zweibel, & Begelman 1991; Guo & Oh 2008; Pfrommer 2013; Jacob & Pfrommer 2017) , and mixing of the hot bubble gas (e.g. Hillel & Soker 2016 , 2017 . However, if there are weak magnetic fields in the ICM, the drapping of magnetic field lines may affect the evolution of bubbles 1 Since shocks are weak, M 2 −1 1, the amount of heat injected by each such shock into ICM is small (Landau & Lifshitz 1959) . (Dursi & Pfrommer 2008 ) and the efficiency of their mixing (Weinberger et al. 2017 ). More explosive mechanisms of AGN feedback, in which bubbles are inflated rapidly and the majority of AGN-injected energy is transported into compressive modes (shocks and sound waves) are also studied in details (e.g. Reynolds, Balbus, & Schekochihin 2015; Yang & Reynolds 2016) .
In order to better understand the complex physics of AGN-ICM interaction, we perform a statistical analysis of gas perturbations in cluster cores. It has been shown that the inner region on the Perseus Cluster core (radii 100 kpc) is predominantly disturbed by the activity of AGN, and the outer region within the core by merger events (Fabian et al. 2011) . Therefore, we primarily focus on fluctuations in the inner cool-core regions, defined as radii less than half the cooling radius (see Section 3). Also, we restrict the analysis to spatial scales that are smaller than any characteristic scale present in a system (e.g. the size of the cool core, ∼ 100 kpc; the entropy/pressure/density scale height, ∼ 100 kpc; the size of rising bubbles, ∼ tens of kpc). Fluctuations on such spatial scales have been analyzed in few cool core clusters so far: AWM7 ), Perseus and Virgo (e.g. Arévalo et al. 2016) , and Centaurus (Walker, Sanders, & Fabian 2015) . Clearly, these measurements are challenging as the signal from fluctuations on such small scales is often dominated by Poisson noise, disturbed by the point spread function (PSF) of X-ray instruments, and affected by unresolved point sources and projection effects (e.g. Schuecker et al. 2004; Churazov et al. 2012 ).
The Chandra X-ray observatory currently provides the best data for such analysis because of its superb spatial resolution. Based on the analysis of fluctuations present in exceptionally deep Chandra images of the cores of the Perseus and Virgo clusters, it was shown that most energy in perturbations on spatial scales ∼ 20 kpc and less is associated with isobaric (e.g. slow gas displacements) and a combination of isothermal (e.g. bubbles) and isobaric fluctuations, respectively (Arévalo et al. 2016; Zhuravleva et al. 2016, hereafter A16 and Z16, respectively) . Under some assumptions, the velocity power spectra can be derived from the measured density power spectra (e.g. Zhuravleva et al. 2015) . Remarkably, direct velocity measurements provided by the Hitomi satellite in the innermost ∼ 60 kpc region of the Perseus Cluster are consistent with the indirect measurements through density fluctuations, within the uncertainties (Hitomi Collaboration 2016). Knowing the velocity amplitude and associated with it spatial scale, the turbulent heating rate can be calculated. It was shown that the dissipation of gas motions in cluster cores provides enough energy to offset radiative cooling , see also theoretical studies by Fujita, Matsumoto, & Wada 2004; Banerjee & Sharma 2014) . Note that even if it is likely that the activity of the central AGN in Perseus and Virgo triggers most of the measured gas motions, there could be additional contribution from turbulent motions generated when jet-driven shocks interact with pre-existing bubbles (Friedman, Heinz, & Churazov 2012) , by motions of galaxies (Balbus & Soker 1990; Gu et al. 2013) , and by mergers with . Selection of galaxy clusters for our analysis: comparison of the product of X-ray flux calculated within a cool core times total exposure time of Chandra observations available in archive for all clusters in the complete sample of the brightest clusters (Bîrzan et al. 2012 ). Chandra observations with large offset are excluded. Light blue points: clusters with detected bubbles of relativistic plasma; dark blue points: clusters without bubbles. Dotted line determines the threshold for the cluster selection for our sample (see Section 2).
subhalos and galaxies (e.g. Norman & Bryan 1999; Dolag et al. 2005; Vazza et al. 2011; Miniati 2015; Lau et al. 2017; Bourne & Sijacki 2017) . Here, we expand the fluctuations analysis to a sample of bright, nearby cool-core clusters. We check whether the main conclusions about the effective equation of state of gas perturbations and the role of turbulence in heating processes from the fluctuation analysis in Perseus and Virgo are valid in other bright cool cores. The agreement with the Hitomi results additionally motivates us to expand the velocity measurements in these clusters.
The structure of the paper as follows. Our sample of cool core clusters in described in Section 2. We discuss the details of the data analysis and our methods in Sections 3 and 4, respectively. Section 5 shows the results, which are then discussed in Section 6. Finally, in Section 7, we summarize the main results and conclusions.
SAMPLE SELECTION
In this work, we present an analysis of a subsample of galaxy clusters drawn from the Bîrzan et al. (2012) complete sample of the brightest galaxy clusters. In order to probe fluctuations on the spatial scales of interest (few tens of kpc or smaller), we select clusters with the most photon counts in their cores. Fig. 1 shows the product of the X-ray flux from the cluster core, FX,core, and the total exposure time texp of the respective Chandra observations, which should be proportional to the number of recorded source counts. The Perseus Cluster is clearly an outlier due to its high X-ray brightness and exceptionally long, ∼ 1.4 Ms, Chandra observations. The Virgo and Centaurus Clusters are another examples of bright clusters with deep (> 600 ks) observations. The amplitude of gas emissivity fluctuations has been reliably measured in these clusters on spatial scales down to ∼ 5 − 30 kpc (e.g. Zhuravleva et al. 2015; Walker, Sanders, & Fabian 2015; Arévalo et al. 2016) . The next most promising targets for fluctuation analysis are A1795, A2052, and A2199. Our analysis, described below, shows that high Poisson noise in A85 and A2029 limits the measurements on spatial scales smaller than ∼ 20 -30 kpc. Clusters with even lower values of FX,core · texp are, clearly, less promising.
Our final sample includes 10 galaxy clusters listed in Table 1 . Note that several objects with large FX,core · texp are not included in our sample: namely, Cygnus A, which is a FRII type object (e.g. Young et al. 2002; Chon et al. 2012) and the Ophiuchus Cluster with dynamically disturbed unusually small (∼ 30 kpc only) cool core that does not show any hints of the radio-mechanical feedback (e.g. Million et al. 2010; Werner et al. 2016) . For the homogeneity of our sample and analysis procedure we also do not consider NGC5044, a group of galaxies filled with relatively cool gas, with temperatures of ∼ 1.5 keV and below (e.g. Buote et al. 2003) .
DATA ANALYSIS AND X-RAY IMAGES
For all clusters in our sample we use public Chandra data available in archive. ObsIDs are summarized in Table 1 . The data are reprocessed using standard algorithms developed by Vikhlinin et al. (2005) , applying the latest calibration data. Correcting for the exposure and vignetting effects, and subtracting the background, a mosaic image of each cluster is produced (see Fig. 2 ).
Point source candidates are identified using the WVDE-COMP tool. The significance of each point source detection is verified using procedure described in Zhuravleva et al. (2015) . Accounting for the PSF shape in combined images, the verified point sources are excised from all images of clusters.
To determine thermodynamic properties of hot gas in all clusters, we extract a set of azimuthally averaged, projected spectra from concentric annuli. These projected spectra are then deprojected using the procedure described in Churazov et al. (2003) . The resulting spectra for every shell are fitted in the 0.6 − 8.5 keV band 2 using XSPEC and a singletemperature APEC plasma model (Smith et al. 2001; Foster et al. 2012 ) based on ATOMDB version 3.0.7. The abundance of heavy elements is normally fixed to 0.5 with respect to the solar abundances of Anders & Grevesse (1989) . Only in Hydra A and Virgo the abundance is treated as a free Table 1 . Basic properties of galaxy clusters in our sample: cluster names, Chandra ObsIDs used for the anlaysis, total exposures in ks, redshifts from the NED database (https://ned.ipac.caltech.edu), total Galactic HI column densities (Kalberla et al. 2005) , half-radii of cool cores in kpc and arcmin (see Section 3), energy bands of images used for the fluctuation analysis. -10901, 12026-12029, hard: 3.5-7.5 13106-13113, 13412-13417, 14268-14275, 15485, 15486, 15488-15492, 16432-16439, 16465-16472, 17397-17411, 17683-17686, 18423-18439 PKS0745-191 2427, 6103, 7694 parameter in the models, as doing so slightly changes the deprojected temperature. Using deprojected radial profiles of the electron number density and temperature, we calculate the gas cooling time as
where ne and ni are the number densities of electrons and ions, respectively, kB is the Boltzmann constant, T is the gas temperature and Λ(T ) is the normalized cooling function for 0.5 Solar metallicity tabulated by Sutherland & Dopita (1993) . For each cluster we define a cooling radius, r cool , as the distance from the cluster center where the cooling time, t cool , is equal to the Hubble time; see Table 1 for the summary.
In order to probe the effective equation of state of gas perturbations (see Sections 4 and 5.1), we prepare X-ray images of galaxy clusters in two different energy bands. For the majority of objects, the 0.5 − 3.5 keV band is used to define the "density" band. The X-ray emissivity in this band is independent of gas temperature for clusters with a mean temperature larger than ∼ 3 keV. The emissivity in the hard, 3.5 − 7.5 keV, band is "temperature-dependent". We refer the reader to Z16 for the details about the choice of energy bands. Note that the Virgo and Centaurus clusters are the coolest objects in our sample. Their gas temperatures drop down to ∼ 1 keV in the innermost regions. Therefore, for these clusters the "density" band is different, 1.0 − 3.5 keV (Forman et al. 2007, A16) . Lastly, the amplitude of fluctuations in the 0.5 − 3.5 keV image of PKS0745-191 can be affected by the high Galactic column density towards this cluster. In order to minimize the effect, we exclude photons with the energies lower than 1.5 keV from the soft-band image.
For the majority of objects in our sample the Chandra PSF is smallest within the inner, half cool-core regions. Also, Poisson noise is minimized in these regions. Therefore, we choose to probe fluctuations in two independent regions within the cool core instead of the whole core: the innermost region within half of the cooling radius, and the outer r cool /2 < r < r cool annulus. Of course, for some clusters, the analysis can be done in finer annuli (e.g. . However, in order to perform homogeneous analysis for all clusters, we consider only these two regions in this work. For the two nearest clusters, Virgo and Centaurus, the Chandra data covers only the innermost regions. Solid and dashed circles in Fig. 2 indicate the chosen regions.
For the analysis of gas perturbations, the underlying large-scale surface brightness gradient is removed by fitting an elliptical β−model to the images in both bands inde- pendently and dividing the images by the best-fitting models. For the Perseus, Virgo, Hydra A and Centaurus clusters, spherical β−models are used instead, since the elliptical models within the considered regions do not change the results. The residual images of cool-core regions in both energy bands are shown in Fig. 3 . Note that the choice of the "unperturbed" models of clusters does not affect our results, as long as the models are smooth, since we are considering fluctuations on relatively small spatial scales. Looking at residual images, one can notice a lot of substructures. Many of the prominent features have been studied earlier. In all clusters there are multiple cavities filled with relativistic particles (e.g. Bîrzan et al. 2012 Sanders et al. 2016; PKS0749-191: Sanders et al. 2014) . Similar structures can be formed as the result of AGN-ICM interaction (see e.g. inner spiral structure in Perseus, Fabian et al. 2011) . It is likely that gas perturbations are mostly driven by AGN feedback processes in the inner regions in the Perseus, Virgo, Hydra A, Centaurus, and A2052 clusters. In the rest of clusters the contribution from mergers could be as significant.
Some particularly bright features can dominate the signal in the measured power spectrum of fluctuations. We exclude them from the images used for the fluctuation analysis, since we are interested in perturbations in the bulk of the gas, which are often weak. Namely, we do not include inner 30 kpc region of enhanced pressure due to shocks in A2052 (Blanton et al. 2011) , the inner 14 kpc in A2199 (very steep surface brightness, see e.g. Johnstone et al. 2002; Sanders & Fabian 2006) ; cold outflows in Virgo (Forman et al. 2007) ; the inner 30 kpc in Perseus, with very sharp edges associated with inner bubbles and their surrounding shocks (Fabian et al. 2011) ; and the high-metallicity region in Centaurus (asymmetric, ∼ 30 − 40 kpc, see Allen & Fabian 1994; Sanders et al. 2016 ).
POWER SPECTRA ANALYSIS
The power spectra of surface brightness fluctuations present in the X-ray images are measured using the modified ∆−variance method (Ossenkopf, Krips, & Stutzki 2008; Arévalo et al. 2012) , which is specifically designed to calculate a low-resolution power spectrum from non-periodic data with gaps. Subtracting Poisson noise and deprojecting the measured power spectra, accounting for the global geometry of the cluster, the 3D power spectrum of volume emissivity fluctuations in both bands, P k,aa and P k,bb , and the crossspectrum of fluctuations in two energy bands, P k,ab , are calculated 3 . The deprojected spectra are then corrected for the Chandra PSF and contribution of unresolved point sources; the latter is insignificant in all the cool cores studied here. The details of each step of the analysis are described in Churazov et al. (2012) ; Zhuravleva et al. (2015) . Following those works, instead of power spectra, we express our measurements as the characteristic amplitude A k,ab = 4πP k,ab k 3 (similarly for A k,aa and A k,bb ), which is a proxy for the rootmean-square of emissivity fluctuations at a given wavenumber, k = 1/l. Note that, since the temperature dependence of X-ray emissivity is weak in the soft band, the amplitude Figure 3. Residual X-ray images of galaxy clusters in our sample in the soft (1st and 3rd rows) and hard (2nd and 4th rows) bands. Only cool core regions are shown. Point sources, central AGNs and projected edge-on galaxies are excised. The spatial scales and color scales of paired images are the same. All images are lightly smoothed for visual purposes.
of emissivity fluctuations, A k,aa , in that band is equivalent to the amplitude of gas density fluctuations multiplied by 2.
Our first goal is to understand the nature of gas perturbations, i.e. to probe their apparent (or "effective") equation of state, which measures the correlation between gas density and temperature fluctuations. Following A16 and Z16, we consider only three types of perturbations: (i) isobaric, i.e. any local changes of gas entropy in pressure equilibrium (e.g. any slow gas motions, including subsonic turbulence, gas sloshing, or, more generally, linear and non-linear internal waves); (ii) adiabatic perturbations associated with weak shocks (sound waves) with M − 1 1, which do not change gas entropy substantially; and (iii) isothermal, which could be associated with the bubbles of relativistic plasma that appear as cavities in the X-ray images, i.e. a drop of gas density without apparent changes in gas temperature. For pure isobaric, adiabatic and isothermal perturbations, the proportionality coefficients between temperature and density perturbations are −1, 2/3 and 0, respectively. If the typical amplitude of fluctuations is small, one can find the response of the X-ray emissivity to these three types of fluctuations; namely, if the dominant type of fluctuations in gas with T > 3 keV is isobaric (adiabatic) in nature, the amplitude of emissivity fluctuations in the soft (hard) band will be larger than in the hard (soft) band. For isothermal fluctuations, the amplitudes in both bands are the same. For given energy bands and gas temperatures, the ratio of volume emissivity perturbations for the different types of perturbations can be predicted (see the image arithmetic techniques by Churazov et al. 2016 ).
In the real ICM, all these processes are likely to be present at some level. For a given gas temperature, we can predict the coherence and the ratio of the amplitudes of fluctuations in the soft and hard bands for any mixture of isobaric, adiabatic and isothermal types of fluctuations, assuming that they are uncorrelated. If α From observations, we measure scale-dependent coherence C(k) and ratio R(k) of fluctuations through the measured power spectra of gas fluctuations in two energy bands and their cross-spectrum, namely:
and
respectively. Velocity power spectra are measured from the power spectra of density fluctuations (i.e. spectra of emissivity fluctuations in the soft X-ray images, A k,aa , divided by 2). Simple theoretical arguments show that, in stratified cluster atmospheres, the amplitude of density fluctuations, δn k /n, and one-component velocity, V 1,k , are proportional to each other at each wavenumber k within the inertial range of scales,
where cs = γ kBT µmp is the sound speed, γ = 5/3 is the adiabatic index, µ = 0.61 is the mean particle weight in units of the proton mass, mp is the proton mass. Cosmological numerical simulations of relaxed clusters suggest that the proportionality coefficient is η ∼ 1 ± 0.3 . Hydrodynamic simulations of gas in static cluster atmospheres confirm this result and investigate how electron conduction and gas viscosity affect it (Gaspari et al. 2014) .
RESULTS

The effective equation of state of gas perturbations
We would first like to understand the nature of the dominant type of perturbations in the bulk of the gas and the relative contribution of each type (isobaric, adiabatic or isothermal) to the total variance of fluctuations. As mentioned above, two regions in each cluster are considered: the inner half cool core (with excluded exceptionally bright features; see Section 3) and the outer part of the cool core (annulus). Fig. 4 shows the results for the inner half-core regions in the Perseus, Virgo and Centaurus clusters. These clusters have the largest number of counts in the hard-band images, and the corresponding amplitudes of fluctuations are measured down to spatial scales of ∼ 10 kpc or even lower in the case of Virgo. A1795 is also shown in Fig. 4 , since fluctuations in the hard band are probed on a broad range of scales compared to other clusters. The amplitudes of the volume emissivity fluctuations are shown on spatial scales that are least affected by Poisson noise in the hard band and systematic uncertainties associated with the removal of global surface brightness profiles. In Perseus and A1795, the amplitude of fluctuations in the soft band is clearly larger than in the hard band on spatial scales of ∼ 10 − 60 kpc and ∼ 30 − 80 kpc, respectively, pointing to predominantly isobaric fluctuations. In the case of Virgo and Centaurus, the soft-and hard-band amplitudes are comparable, suggesting that fluctuations are mostly isothermal. Accounting for the cross-amplitude of emissivity fluctuations, the coherence and ratio are calculated (bottom panels in Fig. 4 ). For any combination of isobaric, adiabatic and isothermal fluctuations, the maps of C and R as a function of the α isob. , α adiab. and α isoth. are generated, assuming the mean gas temperature (see Table 2 ) within the considered regions in each cluster. Finding the measured C and R on these maps, the relative contribution of each type of perturbations to the observed total variance of the fluctuations is obtained. Below, we use C and R measured on the smallest and the largest wavenumbers probed in each cluster. 0.27. Therefore, α 2 isob. ≈ 90 per cent of the total variance is associated with isobaric, α 2 adiab. ≈ 2 per cent with adiabatic and α 2 isoth. ≈ 7 per cent with isothermal perturbations on scales ∼ 30 − 80 kpc, i.e. most of gas perturbation are associated with slow motions of gas in the inner region within the cluster core, and possibly with local changes of gas entropy. Even if the soft X-ray filament (bright central feature towards the South, see Fabian et al. 2001 ) is excluded from the images, the fluctuations are still found to be predominantly isobaric (dashed ellipse in Fig. 5 ).
Similar reasoning shows that, energetically, isothermal fluctuations appear to be dominant (∼ 88 per cent of the total variance) on scales ∼ 30 kpc in the inner half-core region in the Centaurus cluster. On smaller scales, ∼ 10 kpc, more than 50 per cent of the total variance is associated with isobaric fluctuations. In both cases, the contribution of adiabatic fluctuations is < 10 per cent. Note that if we include the central, high-metallicity region in the analysis, the fluctuations become mostly isobaric on small and large scales (see Fig. 5 ).
Results for the Virgo and Perseus clusters are consistent with previous measurements by A16 and Z16 respectively. Namely, isobaric fluctuations are energetically dominant in Perseus, while fluctuations in Virgo are mostly isothermal (i.e. cavities filled with relativistic plasma). However, if the bright extended outflows in Virgo are included to the analysis, then the fluctuations become mostly isobaric.
Poisson noise in the hard-band images limits our measurements of the power spectra on spatial scales smaller than ∼ 45 kpc in A2029, A85 and Hydra A. For A2052 and A2199, the range of scales probed is narrow due to both high Pois- Figure 4 . Results of the cross-spectrum analysis of fluctuations in the inner parts of cool cores in the Perseus, Virgo, A1795 and Centaurus clusters. Top panels: the amplitude of the volume emissivity fluctuations divided by a factor of 2, which in the soft band corresponds to the amplitude of density fluctuations. Blue/Green: the amplitude measured from the soft/hard band images. The width of the regions reflects the 1σ statistical and stochastic uncertainties. Black dashed curves: the cross-amplitude of fluctuations. For visual clarity, we do not show the uncertainties, but take them into account when calculating C and R. Only scales where the amplitude of fluctuations in both bands is least affected by systematic uncertainties and Poisson noise are shown. Middle and bottom panels: coherence, C, and ratio, R, obtained from the observed power spectra; see relations (2) and (3). . The maps are schematically divided into three regions where one of the types of perturbations is dominant in terms of total variance. Black solid ellipses show the regions of α adiab. , α isob. and α isoth. that correspond to the values of C and R shown in Fig. 4 and Table 2 . Dashed ellipse in A1795: same as solid ellipse, but obtained from the images excluding extended bright feature in the South shown in Fig. 3 (Fabian et al. 2001) . Dashed ellipse in Centaurus: results for the whole inner region, i.e. including the high-metallicity region . Note that fluctuations are predominantly isobaric or isothermal.
son noise in the hard band and the effects of the underlying cluster model on large scales. Nevertheless, we repeat the analysis for these clusters as well. Fig. 6 shows a schematic R map with the loci of the measured C and R for the rest of clusters in the sample. The results for all clusters are also summarized in Table 2 . In A2029, A85 and Hydra A, the gas perturbations are mostly isobaric, i.e. likely produced by slow gas displacements, while in A2199 fluctuations are predominantly isothermal, associated with bubbles and/or perturbations in the gravitational potential. The results for A2052 show a mixture of isobaric and isothermal fluctuations. In PKS0745-191, systematic (the drop of spectrum on large scales) and statistical (high Poisson noise on small scales) uncertainties on spectra in the hard band do not allow us to reach reliable conclusions about the nature of fluctuations. Even though shocks are found in some of these clusters, none show predominantly adiabatic perturbations within the cool core. This is not very surprising, given that the shocks in our clusters are weak and do not fill the whole core. The situation could be different in some groups, such as NGC5813 (Randall et al. 2015) , elliptical galaxies and specific small region around the shocks in clusters (e.g. inner 30 kpc regions in A2052 and Perseus).
So far, we have discussed the nature of fluctuations in the inner, half cool-core regions. In some clusters, the data allows us to probe the effective equation of state in the outer annulus, r cool /2 < r < r cool . Isobaric fluctuations appear to be dominant in A1795, A2052 and Perseus on spatial scales ∼ 60-90, ∼ 46-86 and ∼ 20-100 kpc respectively, consistent with the sloshing of the gas. A85 shows mostly isothermal Table 2 . Summary of the results on the nature of gas perturbations in the inner half cool core region in all clusters from our sample: cluster name, spatial scales used for this part of the analysis, coherence and ratio measured on the smallest and the largest wavenumbers, mean temperature of gas used to generate C and R maps, approximate contribution of different types of fluctuations to the total variance. See Section 5.1 for details.
Name
Scales, fluctuations on scales ∼ 90 kpc and isobaric on scales ∼ 70 kpc.
The results are based on C and R maps generated for the mean gas temperature within each considered region. If, instead, the maximum or minimum temperature is used, the dominant type of perturbations remains unchanged for the majority of clusters; however, the relative contribution of each type of perturbation may be different. Only in the inner regions of A2199 and A85 the maximal or minimal values of gas temperature change the dominant type of perturbations, from isothermal and isobaric to isobaric and isothermal, respectively.
Ak,aa/2 k, kpc -1 k, kpc -1 Figure 7 . The amplitude of density fluctuations as a function of a wavenumber measured in all clusters from our sample. Blue: inner, half-cool-core regions. Green: outer annuli. Only scales least affected by systematic uncertainties and Poisson noise are shown.
Velocity power spectra
The scale-dependent amplitude of density fluctuations, calculated in the inner and outer regions, is shown in Fig. 7 . In many clusters the amplitude of density fluctuations can be measured on spatial scales smaller than ∼ 15 kpc, since Poisson noise in the soft-band images is significantly lower than in the hard-band images. The high-k cutoff is determined by the PSF, and depends on the cluster redshift and offsets of the Chandra observations. We show only those wavenumbers where the PSF correction modifies the shape of the amplitude by less than 20-25 per cent. The typical amplitude of density fluctuations is quite small, < 20 per cent, even on relatively large spatial scales (∼ 50 kpc). It is < 10 − 15 per cent on scales of ∼ 10 kpc. Such a small amplitude of density fluctuations, and their predominantly isobaric nature, indicate that the gas is perturbed gently. In the outer-core regions, the amplitudes are less than or comparable to the corresponding amplitudes in the inner regions on the same spatial scales (except for the amplitude on ∼ 60-70 kpc scale in Perseus and Hydra A). This could indicate the presence of several mechanisms that drive perturbations: central AGN in the inner region, and mergers and motions of substructure in outer one.
In the previous section, we showed that in most clusters gas perturbations have an isobaric nature, i.e. are likely associated with slow displacements of gas in pressure equilibrium. Using the measured amplitude of density fluctuations (Fig. 7) and the relation (4) between the amplitude of density fluctuations and one-component velocity of gas motions on each scale 1/k, the amplitude (or power spectrum) of the velocity can be calculated; this is shown in Fig. 8 . Strictly speaking, the relation (4) was derived for slow gas motions in a stratified atmosphere (internal waves), which appear as isobaric perturbations in X-ray images. However, in a few clusters our measurements suggest that the perturbations are predominantly isothermal or a mixture of isothermal and isobaric. Nevertheless, we keep these clusters in our sample, assuming that the scaling (4) is approximately correct. Indeed, "isothermal" perturbations could be due to bubbles of relativistic plasma inflated by an AGN. The potential energy associated with the bubbles follows approximately the same scaling with the observed variations of X-ray flux as the energy associated with internal waves (see A16 and Z16). As these bubbles rise through the cluster atmosphere, they can excite internal waves on scales comparable to the bubble size. Therefore, the scaling (4) may still approximately hold (in time/sample averaged sense), albeit with some scatter.
Hatched regions in Fig. 8 show the results if the mean sound speed of the gas within the considered regions is used. Solid regions show the velocity spread when minimum and maximum values of the sound speed are used. Small-scale (e.g. less than 50 kpc) velocities of gas motions in the inner regions are quite low, < 100 − 150 km/s, corresponding to 3D Mach numbers M k 0.2 − 0.25. On larger scales, 100 kpc and greater, the one-component velocity can be up to 200-300 km/s (M k ∼ 0.35-0.5). The slopes of the spectra are consistent with that of Kolmogorov turbulence. However, the uncertainties on the measured spectra do not allow us to constrain the slopes precisely. The measured velocity amplitudes are consistent with the recent directly-measured velocities in the Perseus Cluster with the Hitomi satellite (see Section 6.2) and other measurements and upper limits (e.g. Sanders et al. 2010 Sanders et al. , 2014 Zhuravleva et al. 2015 . Turbulent heating versus gas cooling rates in the cores of galaxy clusters from our sample. The size of each region reflects 1σ statistical and stochastic uncertainty in the heating rate, variations of density and temperature across each considered region within clusters and deviations of the measured spectral slope of the velocity spectra from the Kolmogorov law. For all clusters, except for Centaurus and Virgo, two measurements along the radius are shown. The dot in each region shows the volume-weighted average cooling within the region. Dashed lines correspond to the perfect balance between cooling and heating. Though for specific clusters the balance might be not perfect, on average, turbulent heating rate is comparable with radiative cooling rate.
Turbulent heating
From the inferred velocity, we can estimate the heating rate of gas motions, which is ∝ ρV 3 /L, where ρ is the gas mass density, V is the characteristic velocity and L is the energycontaining scale. Since several characteristic scales are usually present in cluster atmospheres, the energy-containing scale is not clearly defined. Therefore, we calculate the heating rate assuming purely hydrodynamic volume-filling turbulence and following the Kolmogorov scaling. Namely, Q turb = CQρV 3 1,k k, where CQ = 3 3/2 2π/(2CK ) 3/2 ≈ 5 is a dimensionless constant related to the Kolmogorov constant CK that accounts for our conventions and ρ is the the gas density (see Zhuravleva et al. 2014, for details) . We compare the turbulent heating rate with the cooling rate, defined as Q cool = neniΛ(T ), within the cool cores of the clusters in our sample in Fig. 9 . Since in the inner regions the gas density profile is often very steep towards the center, variations of Q cool are quite large. Black points show the results if volume-weighted gas density and temperature are used for the calculations of the cooling rate. Fig. 10 shows all the measurements plotted together. Although the scatter and uncertainties are large, on average, there appears to be an approximate balance between Q turb and Q cool , suggesting that the dissipation of gas motions provide enough heat to compensate for gas cooling losses, or at least significantly contribute to energy balance. These results are in line with earlier conclusions based on the detailed analyses of Perseus, Virgo and Centaurus clusters Walker, Sanders, & Fabian 2015) .
There are many underlying assumptions in the above calculations. First, we neglect gas viscosity. To check this assumption, we calculate the dissipative (Kolmogorov) scale lK = ν 3/4 kin /(Q cool /ρ) 1/4 , where ν kin is the kinematic viscosity calculated for unmagnetized gas, assuming the coolingheating balance. In all clusters, the dissipative scale is < 10 kpc (typically ∼ few kpc) in the inner regions and < 20 kpc in the outer regions, i.e. significantly less than the smallest scales that we probe. If the plasma is magnetized, then the viscous scale is predicted to be even smaller, as various plasma instabilities will sustain perturbations down to gyroscales (e.g. Schekochihin et al. 2002; Schekochihin & Cowley 2006) .
Another assumption is that the injection scale of gas motions is larger than, or at least comparable to, the scale at which the eddy turnover timescale becomes smaller than the buoyancy timescale. Assuming approximate balance between cooling and turbulent heating rates, we estimate the Ozmidov scale as N −3/2 (Q cool /ρ) 1/2 , where N is the BruntVäisälä frequency in the cluster atmosphere, which depends on the acceleration of gravity and the entropy scale height. Given the thermodynamic profiles of clusters, we find that, typically, the Ozmidov scale is smaller than 10-20 kpc in the inner-core regions, and up to 30 kpc in the outer regions. Both are within the span of scales that we probe in each cluster.
DISCUSSION
Energy content of emissivity fluctuations and dissipation timescale
Assuming that the total variance of fluctuations is the sum of fluctuations produced by bubbles, weak shocks/sound waves and slow motions of gas in stratified atmosphere (internal gravity waves), we can write the total energy associated with gas perturbations relative to the thermal energy of gas as
Eper/E th = (E b + Esw + Eiw)/E th . As shown by A16 and Z16, the ratio of energy in bubbles and thermal energy is related to the total variance of the gas density fluctuations, (δρ/ρ) b , as
where γ b = 4/3 is the adiabatic index of the hot relativistic gas inside the bubble and γ = 5/3 is the adiabatic index of the ambient gas. For sound waves, the corresponding relation is
while for internal waves it becomes
Relations ( , where the constant C is of the order of few units. Since fluctuations are mostly isobaric (or isobaric/isothermal) we use the relation (7) to estimate Eper/E th . The total variance of density fluctuations can be calculated by integrating the measured power spectrum of emissivity fluctuations in the soft band,
P k,aa divided by 2 is shown in Fig. 7 in the units of scaledependent amplitude, as are kmin and kmax for each cluster. For most clusters in our sample, the total variance of density fluctuations is (δρ/ρ) 2 ∼ 0.01-0.03, which implies that the energy in perturbations (non-thermal energy) is ∼ 2-5 per cent of the thermal energy. This agrees with other previous measurements in cluster cores (e.g. Hofmann et al. 2016 , A16, Z16, Hitomi Collaboration et al. 2016 . Interestingly, the results are also consistent with the contribution of non-thermal pressure measured in small groups and elliptical galaxies (Churazov et al. 2008; Werner et al. 2009; de Plaa et al. 2012; Ogorzalek et al. 2017 ). In the outer regions in Perseus and Hydra A and in the inner region in Centaurus, the energy in perturbations is slightly higher, ∼ 7-12 per cent of the thermal energy. Given that the integration range is limited, these estimates could be lower limits.
Given an approximate balance between the radiative cooling and turbulent dissipation rates (see Fig. 10 ), one can estimate the dissipation timescale needed to convert the energy in perturbations into heat, namely t diss = t cool × Eper/E th . Eper/E th varies between 2-12 per cent, therefore, t diss is ∼ 0.04-0.4 Gyrs given that the typical cooling time is a few Gyrs.
In the above estimates we neglect thermal conduction, which could be particularly important for the most massive clusters in our sample, and gas viscosity (e.g. produce low-entropy structures that appear as isobaric perturbations. The inclusion of these effects requires additional theoretical studies and is beyond the scope of this paper.
Comparison of the velocity measurements with the Hitomi results
Recent
Hitomi observations have shown that the gas in the core of Perseus has a line-of-sight velocity dispersion (nonthermal line broadening) of σ = 164 ± 10 km/s and a gradient in the line-of-sight velocity (variations of line centroids) of V = 150 ± 70 km/s in the region ∼ 30-60 kpc from the cluster center (Hitomi Collaboration 2016). It is interesting to compare this result with our indirect velocity measurements. The left panel of Fig. 11 shows the results of fluctuation analysis in Perseus in the outer region observed by Hitomi (see Fig. 3 of Hitomi Collaboration 2016). The amplitude of fluctuations in the soft band is larger than in the hard band on scales between ∼ 5-30 kpc, suggesting that fluctuations are mostly isobaric. The locus of the measured coherence and ratio in the C − R maps reveals that ∼ 81 per cent of the total variance is indeed associated with isobaric perturbations, and ∼ 12 and ∼ 7 per cent with adiabatic and isothermal fluctuations, respectively. This implies that the ratio of non-thermal energy (energy in perturbations) to the thermal energy is ∼ 9 per cent, with a scatter of ∼ 2 per cent. This is consistent with the Hitomi results, namely the measured ratio of turbulent to thermal energy of ∼ 8 per cent (if both velocity dispersion and large-scale motions are taken into account). The right panel of Fig. 11 shows the one-component, scale-dependent velocity amplitude, corrected for the Chandra PSF on small scales. The mean one-component velocity is ∼ 215 km/s on ∼ 30 kpc scales, and ∼ 120 km/s on ∼ 5 kpc scales with some scatter. On the same plot we show the velocity dispersion, σ, measured with Hitomi, as well as the total velocity, estimated as √ σ 2 + V 2 = 222 ± 48 km/s. Direct comparison of the Chandra and Hitomi velocities is not straightforward, since we do not know what scales contribute most to the Hitomi measurements. However, if the dominant scale is between ∼ 10 and several 10s of kpc, a reasonable assumption given the size of the observed region, its distance from the center, and the size of the largest structures (bubbles), then the results from both methods agree. The energy associated with such gas motions, once dissipated, is more than enough to offset radiative cooling (see the bottom-right panel of Fig. 11) .
If the dominant scale contributing to the Hitomi measurement is comparable to the size of the cool core (∼ 150 kpc or more), and the slope of the velocity power spectrum is the same on large spatial scales, then turbulent heating cannot balance the cooling. This scenario is unlikely, however, as the projected linear size of the considered region is less than 30 kpc and the effective length along the line of sight, which provides the dominant contribution to the line flux, is smaller than 100 kpc at distances of 30-60 kpc from the center . If, instead, the dominant scale is smaller than ∼ 7 kpc, the measured level of turbulence overheats the gas, i.e. the heating rate in this case is greater than the cooling rate. To summarize, the fluctuation analysis provides velocity measurements, which are consistent (within the uncertainties, which could be up to a factor of 2) with the direct measurements.
CONCLUSIONS
In this paper, we measured the effective equation of state of gas perturbations, the velocity power spectra of gas motions and discussed the role of turbulent dissipation in the heating of gas in the brightest core regions of nearby galaxy clusters. The analysis is based on the measurements of power spectra of X-ray surface brightness and density fluctuations. Our sample includes ten clusters that have Chandra data deep enough to probe fluctuations on spatial scales between ∼ 10 and few tens of kpc, and that show observational indications of radio-mechanical AGN feedback. We carefully treated uncertainties crucially important for the measurements on such small spatial scales, which are associated with Poisson noise, unresolved point sources, the Chandra PSF, and projection effects. Our main conclusions are summarized below.
(i) In all clusters gas perturbations in the inner half cool core regions are predominantly isobaric or isothermal on spatial scales between ∼ 10 and 60 kpc, i.e. likely associated with slow gas motions and bubbles of relativistic plasma (X-ray cavities). Adiabatic perturbations associated with weak shocks constitute less than 10 per cent of the total variance. At least in half of the considered clusters, the gas is, undoubtedly, disturbed by the central AGN activity. Subdominant contribution of adiabatic fluctuations in these clusters supports a model of a gentle AGN feedback rather than the more explosive scenarios that have been explored by some numerical simulations. In the outer parts of cool cores, fluctuations are mostly isobaric. If perturbations in these regions are driven by mergers and motions of galaxies instead of the central AGN activity, the results are consistent with the nature of perturbations seen in cosmological numerical simulations of galaxy clusters (Zhuravleva et al. 2013) .
(ii) The energy in perturbations (non-thermal energy) is measured to be ∼ 5 per cent of the thermal energy of the hot gas in the inner, half cool core regions. In the outer core regions, where mergers may substantially contribute, it can be up to 12 per cent. These results are consistent with previous measurements, including the Hitomi results (Hitomi Collaboration 2016).
(iii) The typical amplitude of density fluctuations is small, less than ∼ 20 per cent on scales ∼ 50 kpc. On scales of ∼ 10 kpc, the amplitude is typically ∼ 10 per cent and less.
(iv) Typical one-component velocity of gas motions measured from the density power spectra is 100 − 150 km/s on scales smaller than ∼ 50 kpc. On larger scales of ∼ 100 kpc, the velocities can be up to ∼ 300 km/s. Within the uncertainties, the results agree with the direct velocity measurements from the Hitomi observations.
(v) Regardless of the source that drives gas motions, the dissipation of their energy provides enough heat to compensate gas cooling losses. The result is valid on average; for specific clusters/regions the balance can be not perfect. The dissipation timescale of gas perturbations is ∼ 0.04-0.4 Gyrs.
(vi) Our results are consistent with previous observational results and support numerical models in which the energy from central AGN is transported slowly to the ICM through the inflation of bubbles of relativistic plasma.
The full power of the techniques discussed here will be revealed in future with the next generation X-ray observatories like Athena and Lynx that will have effective areas at least an order of magnitude larger than the current X-ray observatories. The high spatial resolution of the Lynx observatory and its stable PSF across the field of view will open a possibility to probe microphysical scales in objects of different masses at different redshifts, allowing detailed studies of transport processes, MHD, and plasma effects.
